Dietary restriction (DR) is one of the most robust environmental manipulations that not only extend life span but also delay the onset of age-related diseases in almost every species examined. Caenorhabditis elegans plays an important role in aging studies due to its simple life cycle, easy genetic manipulations and highly conserved genome. Recent studies have demonstrated that the beneficial effects of DR are mediated by the highly conserved transcription factors and signaling pathways in C. elegans. Here we review recent progress in the methodology and molecular mechanisms of DR using C. elegans as a model, as well as prospects for future research.
Aging is defined as functional decline accompanied with increased mortality rates over time. Non-communicable diseases, such as cardiovascular diseases, diabetes, cancer and neurodegenerative diseases, are the major causes of death in humans. The occurrence of non-communicable diseases shows exponential increase over age [1] . How does aging occur and develop? Are there genetic or environmental manipulations that can extend life span and delay age-related pathologies? Answers to these questions are important topics in basic biological and biomedical research because they are concerned with the molecular mechanisms of aging.
Aging problems are urgent to China. Demography analyses conducted by the United Nations indicated that the Chinese population is undergoing accelerated aging. Starting from 1980s, it only took 20 years for China to become one of the countries with an aging population, which is indicated by the fact that more than 10% of the whole population are people over 60 years old. It is expected that China will become the most aged country in 2030s [2] . Therefore, biological studies on how to slow aging and perhaps more importantly, how to delay or prevent age-related diseases should be one of the most important research fields in China.
Recent studies demonstrated that aging can be modulated by highly-conserved signaling pathways [3] . It has been shown that the target of rapamycin (TOR) pathway and insulin/insulin-like growth factor-1 (IGF-1) signaling (IIS) play an important role in aging in nearly all the species studied [3, 4] . Besides, environmental manipulations, such as changes in the diet and pharmaceutical treatments, can also significantly affect aging [5] . Dietary restriction (DR), reduced food intake without malnutrition, has been proven to be a robust environmental manipulation that delays aging. DR can be achieved by decreasing food intake known as caloric restriction (CR), reducing specific components in the diet, or intermittent fasting (IF). DR not only extends life span, but also delays or prevents age-related diseases [4, 6] . Using model organisms including yeast, C. elegans, Drosophila and mice, researchers have made significant progress in understanding DR at the molecular level in recent years. Although the beneficial effects of DR have been observed in many species, animals might show different response to DR depending on their genetic backgrounds [7, 8] .
Whether there are universal DR regimens that can be applied to all species requires better understanding of the molecular mechanisms of DR.
C. elegans is a free-living, soil nematode that has been widely used in biological research due to its short life cycle, ease of manipulation, complete cell lineage and highly conserved genome. The average life span of C. elegans is around 20 days under normal growth conditions. Due to powerful genetic, molecular and cellular tools, many signaling pathways that modulate aging were initially characterized in C. elegans [3, 9] . In this article, we reviewed recent progress in elucidating the molecular mechanisms of DR using C. elegans as a model.
Different DR regimens in C. elegans
C. elegans is normally fed with E. coli on the solid agar based nematode growth media (NGM) in petri dishes in the lab [10] . Recently, researchers have developed various methods to create DR conditions in C. elegans. These DR regimens include using genetic mutants with reduced food intake, reducing food concentrations, depriving bacterial food completely, intermittent fasting, bacteria-free axenic culture media and so on. Here we compare these DR methods for their advantages and disadvantages in aging research.
The eat-2 gene encodes a subunit of the nicotinic acetylcholine receptor. Mutations in eat-2 lead to reduced pharyngeal pumping and therefore decreased food intake. eat-2 mutants show extended life span and reduced fertility, which are typical features of animals under DR [11] . Thus, eat-2 mutants have been used as a convenient genetic mimic of DR. However, researchers cannot choose the time to start or stop DR treatments when using the eat-2 mutant to mimic DR. Moreover, there are many eat mutants with reduced pharyngeal pumping but not all of them show life span extension, suggesting they might modulate aging in a complicated manner. Since the eat-2 null mutant is lethal, hypomorphic eat-2 alleles are usually used in aging research. It is hard to draw valid conclusions in genetic epistasis studies when partial loss-of-function mutants were used.
Dilution of the bacterial food is one of the most popular methods to create DR conditions in C. elegans. The Dillin and Guarente labs have independently reported DR study results using worms grown in E. coli suspension at different concentrations. These methods were named bacterial DR (bDR) and liquid DR (lDR), respectively [12, 13] . Compared with animals growing under ad libitum (AL) conditions in which they were free feeding, those treated with bDR or lDR showed more than 50%, robust life span extension [12, 13] . However, C. elegans shows different morphology, behavior and life span in liquid culture compared with animals under standard lab culture condition on solid agar plates. Besides, it is much more challenging to handle worms in liquid culture. Therefore, the bDR and lDR methods have some limitations.
The Brunet lab developed a solid DR (sDR) method by feeding animals with E. coli at different concentrations on the regular NGM agar plates after animals finished reproduction [14] . The less than 30% life span extending effect of sDR is not as strong as bDR/lDR probably due to the late onset of DR treatment and/or the nutrients in the NGM plates that might promote E. coli growth.
The NGM plates contain peptone, which helps E. coli to grow. Thus, dilution of peptone (DP) is another way to create DR effects [15] . However, it is very difficult to connect the amount of peptone in the media with the E. coli concentrations in a linear relationship. Not surprisingly, this method caused big variations between experiments and thus its use is limited.
The Kaeberlein and Zou labs independently reported that complete dietary deprivation (DD) during adulthood can also create DR effects (50% life span extension) in C. elegans [16, 17] . This method is easy to perform, and it creates a situation similar to null mutation that is helpful for genetic epistasis analysis. However, DD seems to be against the standard definition of DR, which is reduced food intake without malnutrition. Besides, starvation significantly reduces life span in most species. Therefore, whether discoveries made using this methodology can be applied to higher organisms remains to be determined.
Intermittent fasting (IF) is another method to create DR. Animals under IF were provided with ad libitum food but with periodical fasting. There is little or no overall decrease in the calorie intake compared with the controls. It has been reported that every other day or every two days fasting significantly extends life span by 50% in C. elegans [18] . This method is powerful regarding the life span extension, but it is a very laborious procedure. Besides, there are some differences between IF and chronic DR.
When animals grown in the bacteria-free axenic media, they also showed DR-related phenotypes, such as extended life span, reduced reproduction and so on [19] . This method is very useful to study the involvement of specific nutrients in aging since the media is chemically defined. However, it is a liquid based culture, which has limitations similar to those of the bDR/lDR methods.
Considering the advantages and disadvantages of these DR methods, we have developed a modified solid DR (msDR) regimen [20] . Based on the sDR method, we excluded peptone and added ampicillin in the media to prevent E. coli from growing. We also changed the onset of DR treatment to Day 1 adulthood [20] . With these modifications, we observed more potent life span extension (~50%) compared to the sDR method, as well as typical DR phenotypes including increased stress resistance, decreased but prolonged reproduction [20] .
Using these DR regimens, researchers have identified key regulators that mediate the beneficial effects of DR. Interestingly, some of these regulators showed methodology-dependent involvement in DR. Therefore, we propose that at least two or more DR regimens should be applied in aging research to determine whether the discoveries are relevant to the molecular mechanisms of DR in general.
Molecular mechanisms of DR in C. elegans
Recent studies indicated that the molecular mechanisms of DR involve highly conserved signaling pathways. Here we summarize the key regulators of DR response.
TOR pathway
Target of rapamycin (TOR) is a highly conserved serine/threonine kinase that qualitatively and quantitatively senses the changes in nutrients (amino acids, glucose, etc.) to promote cell growth. TOR is also subject to regulation via signaling pathways mediated by cellular factors, such as insulin, IGF-1, Wnt, and TGF-. Moreover, environmental stress can also affect TOR activities [4] . It has been known that TOR functions through regulation of mRNA translation, autophagy, ER stress, sugar/lipid metabolism to affect cell growth and proliferation [4] .
TOR binds to the regulatory associated protein of TOR (Raptor) and rapamycin-insensitive component of TOR (Rictor) to form the TOR Complex 1 (TORC1) and TOR Complex 2 (TORC2), respectively [21] . In C. elegans, let-363 encodes TOR, whereas daf-15 encodes Raptor. Mutations in let-363 or daf-15 lead to developmental arrest [22, 23] . Inhibition of TORC1 either by RNAi knocking-down of let-363 or by heterozygous mutants of daf-15 significantly extends life span [22, 24] . TOR plays important roles in regulating mRNA translation. In mammals, this effect is mediated by the ribosomal S6 kinase (S6K) and translational initiation factor 4E-binding protein (4EBP). The C. elegans genome does not have a 4EBP ortholog at least from the sequence similarity point of view. Therefore, S6K encoded by the rsks-1 gene is the key mediator of TOR's function on mRNA translation in C. elegans. Deletion mutants of rsks-1 show life span extension [25] . Interestingly, genes such as pha-4, aak-2 and egl-9 that are required for rsks-1-mediated life span extension are also involved in the DR response [12, 14, 20] .
In C. elegans and Drosophila, DR or inhibition of TOR also activates autophagy to extend life span. It has been reported that inhibition of bec-1, an essential autophagy gene, suppresses the life span extension via TOR inhibition or the eat-2 mutation in C. elegans [26] . Besides, several autophagy genes are transcriptionally activated by PHA-4, the key mediator of DR [26] .
Insulin/IGF-1 signaling pathway
The highly conserved insulin/insulin-like growth facor-1 signaling (IIS) plays an important regulatory role in aging. Under high nutrient conditions, IGF-1 binds to the receptor tyrosine kinase encoded by daf-2, and activates a kinase cascade including AGE-1 (PI3K), PDK-1 (PDK) and AKT-1, 2 (PKB) to eventually phosphorylate the downstream DAF-16 (FOXO) transcription factor. This modification will inactivate DAF-16 by keeping in the cytoplasm. In the daf-2 mutant, hypophosphorylated DAF-16 migrates into nuclei to regulate downstream gene expression and promote life span extension. In addition to DAF-16, there are other transcription factors such as HSF-1 and SKN-1 that function downstream of IIS [9] . DAF-16 is the key modulator of aging, and many genetic or environmental manipulations totally or partially depend on DAF-16 for their roles in life span determination. DAF-16 is only required for the life span extension under certain DR regimens such as sDR and IF [14, 18] , whereas it is not required for the life span extension induced by bDR, lDR, msDR and DD [12, 16, 20] . Recent studies showed that the sDR treatment activates DAF-16 via AMPK to extend life span [14] , whereas IF treatment inhibits RHEB-1, an upstream activator of TOR, and inhibits transcription of the IGF-1 gene ins-7 to activate DAF-16 and extend life span [18] . Besides, daf-15, which encodes the TOR interacting protein Raptor, is inhibited by DAF-16 at the transcription level [22] . These results have revealed that DAF-16 plays regulatory roles under DR via interacting with the TOR pathway.
hsf-1 encodes the ortholog of heat shock factor-1 in C. elegans. Mutations in hsf-1 fully suppress the life span extension by daf-2 mutants [27] . Recent studies reported that DD-mediated life span extension can be fully suppressed by the hsf-1 mutant [28] . Protein aggregation as a consequence of protein misfolding is one of the major causes of neurodegenerative diseases. In C. elegans, DD functions through HSF-1 to delay age-related proteotoxicity [16, 28] .
Other key regulators of DR response

PHA-4/FOXA
pha-4 encodes a fork head box A (FOXA) transcription factor ortholog. It plays a critical role in the development of pharynx, the food intake organ of C. elegans [29] . Inhibition of pha-4 by RNAi in the rsks-1 mutant fully suppresses the life span extension [30] . Inhibition of pha-4 can also suppress the life span extension by bDR or the eat-2 mutant, whereas it does not affect life span extension by reduced IIS, suggesting a specific regulatory role of PHA-4 in DR [12] . pha-4 is up-regulated at the transcription level under DR, and it promotes the expression of specific superoxide dismutase genes under DR [12] .
AAK-2/AMPKα
aak-2 encodes the  catalytic subunit of the key energy homeostasis regulator AMPK. When energy levels are low, as indicated by increased AMP:ATP ratio, AMP will bind to the  regulatory subunit of AMPK, which leads to phosphorylation of the highly conserved Threonine 172 site on the  subunit. This modification results in the activation of AMPK, increased catabolism for more ATP production, temporarily decreased energy-consuming processes for less ATP consumption, and eventually restored energy homeostasis inside the organism [31] . Recent studies indicated that the rsks-1 mutant showed significantly increased AAK-2 phosphorylation at the Threonine 172 site, and a deletion mutant of aak-2 fully suppressed the life span extension by rsks-1 [32] . Besides, it has also been reported that AAK-2 is required for sDR-mediated life span extension by phosphorylating and activating DAF-16 [14] .
HIF-1/HIF-1α
The hypoxia inducible factor 1 (HIF-1) is a transcription factor complex that plays important roles in metabolism, cancer and many other biological processes. Under normal oxygen levels, the newly synthesized  subunit of HIF-1 is quickly hydroxylated at highly conserved proline residues, which leads to ubiquitination and proteasome-mediated protein degradation. In C. elegans, the egl-9 gene encodes the proline hydroxylase that promotes HIF-1 degradation. Thus, HIF-1 is overexpressed in the egl-9 deletion mutant [33] . Studies in Drosophila and mammalian cells showed that S6K promotes HIF-1 mRNA translation [34, 35] . Interestingly, the mutation in egl-9 suppressed life span extension by the rsks-1 deletion in C. elegans [20] . A deletion mutant of hif-1 that encodes HIF-1 showed life span extension under high nutrients, whereas the hif-1 mutant did not show further life span extension under DR. Consistently, HIF-1 overexpression by the egl-9 deletion suppressed the life span extension by various DR regimens, such as the msDR, DD and eat-2 mutant. Therefore, inhibition of the TOR downstream effector HIF-1 can mimic DR [20] . Further studies demonstrated that inhibition of HIF-1 functions through reducing the endoplasmic reticulum unfolded protein response (ER UPR) to modulate aging. Moreover, HIF-1 functions in specific neurons and muscle to regulate DR-mediated life span extension [20] .
SKN-1/Nrf
SKN-1 is another key transcription factor regulated by IIS as well as other signaling pathways. The mammalian ortholog of SKN-1 is the nuclear factor-erythroid-related factor (Nrf). SKN-1 is important for C. elegans embryonic development, oxidative stress response and aging. Previous studies demonstrated that SKN-1 is regulated by the DAF-2 downstream protein kinases, and mutations in skn-1 can partially suppress life span extension by certain daf-2 alleles [36] . Under lDR conditions, SKN-1 functions in the ASI neurons through cell-non-autonomous mechanisms to regulate mitochondrial electron transport chain (ETC) activities in the intestine, the major metabolic organ in C. elegans, to extend life span [13] . Life span extension by rapamycin treatments that inhibit TOR also requires SKN-1 activities [37] .
NHR-62/HNF4α
Nuclear hormone receptors (NHRs) are transcriptional regulators that affect downstream genes' expression in response to developmental, environmental and nutrients signals. NHR-62, an HNF4α-like nuclear hormone receptor, has been identified as a mediator of DR-induced life span extension from an RNAi screen in the eat-2 mutant. Further studies indicated that a deletion in nhr-62 partially suppressed the prolonged longevity by bDR [38] . The nhr-62 mutation also partially suppressed metabolic phenotypes of the eat-2 mutant, such as decreased triglyceride and increased autophagy levels. Many genes induced by the eat-2 mutant are dependent on NHR-62 [38] . These findings indicated a complicated network of hormonal and metabolic regulation of longevity in C. elegans.
Together, effects of TOR, IIS signaling pathways and other key aging regulators on longevity under normal and various DR conditions are summarized in Figure 1 
Perspective
Here we summarized recent progress on the molecular mechanisms of DR in C. elegans. In order to gain better understanding of the beneficial effects of DR, we propose to focus on the following aspects in future studies.
Different DR regimens
In order to study DR, researchers have independently developed multiple methods to reduce food intake in C. elegans. Most DR regimens require dilution of bacterial food to achieve reduced food intake. Currently, there is no easy and efficient way to quantitatively measure food consumption in C. elegans. The traditional method used the pharyngeal pumping rate as a rough indicator of the amount of food consumed by animals, but this method is not very accurate. Thus, there are large amount of variations among different experiments and different DR regimens, which makes experimental results less comparable and repeatable. Although the bacteria-free axenic media is hard to handle, it is a chemically defined culture that is very suitable to study the effects of specific nutrients on aging. Another resource is the E. coli genome-wide, single gene knockout mutant library created by microbiology researchers [39] . It may serve as very useful resource to study DR from the micronutrients point of view.
Key regulators of DR response and the downstream molecular mechanisms
Recent studies have identified several key mediators of the DR response. Knockout or knockdown of these genes can fully or partially suppress the DR-mediated life span extension. However, studies on DR enhancer genes, which further increase life span extension under DR when inhibited, have not been characterized. Identification of more suppressors and enhancers of DR by genetic studies will help us gain better understanding of the molecular mechanisms of DR.
The nutrients regulated TOR pathway mediates the beneficial effects of DR in many species. However, it has not yet been clear which downstream components are most relevant to DR. TOR-mediated regulation in mRNA translation should be the focus of future studies since inhibition of TOR, S6K or suppression of mRNA translation by other methods significantly extend life span across species [40] . How could inhibition of mRNA translation result in life span extension? There are two major hypotheses on this phenomenon. First, inhibition global mRNA translation will improve the quality of newly synthesized proteins and reduce the amount of misfolded, harmful proteins. Second, TOR and S6K might be able to regulate the translation of specific aging regulators. Therefore, functional genomic studies under DR, including transcriptome analysis (RNA Seq), translatome analysis (polysomal profiling coupled with deep sequencing) and proteome analysis (quantitative proteomics), will provide new insights into the molecular mechanisms of DR.
The IIS pathway also plays an important regulatory role in DR response. Interestingly, this regulation is achieved via interactions with the TOR pathway. We recently found that the daf-2 rsks-1 double mutant, which simultaneously in-hibits both IIS and TOR pathways, showed nearly 5-fold, synergistic life span extension [41] . Whether DR response is involved in this super long-lived phenotype needs to be further examined.
How could C. elegans sense changes in the amount of food in the environment through the nervous systems? Whether and how food signal could function cell nonautonomously to affect downstream tissues and modulate aging? Answers to these questions shall help us better understand DR.
DR, metabolism and reproduction
In addition to DR, TOR and IIS pathways also regulate metabolism, especially fat metabolism. Fat serves as the energy storage, cellular structure, and even signaling molecules to affect various biological processes. In C. elegans, inhibition of TOR or IIS results in increased fat accumulation [22, 42] . Studies in Drosophila showed that DR by protein restriction significantly increases fat synthesis and breakdown, which are essential for the life span extension by DR [43] . Therefore, analyzing fat metabolism as a dynamic process via stable isotope labeling coupled with GC/LC-MS under DR will help us understand aging from the metabolic point of view.
Despite life span extension and delayed age-related pathologies, DR can cause harmful effects such as reduced reproduction. Whether there are genetic or pharmacological methods to dissect different outputs of DR should be characterized in future studies so that we can develop cures for aging without side effects.
In summary, studies on the molecular mechanisms of DR using C. elegans as a model have made significant progress. However, there are still fundamental questions remaining in the field. Further studies on these topics shall help us understand the nature of aging and provide novel targets to cure age-related diseases.
